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ABSTRACT
We observe two metal-poor main sequence stars that are members of the recently-discovered Sylgr
stellar stream. We present radial velocities, stellar parameters, and abundances for 13 elements de-
rived from high-resolution optical spectra collected using the Magellan Inamori Kyocera Echelle spec-
trograph. The two stars have identical compositions (within 0.13 dex or 1.2σ) among all elements
detected. Both stars are very metal poor ([Fe/H] = −2.92± 0.06). Neither star is highly enhanced in
C ([C/Fe] < +1.0). Both stars are enhanced in the α elements Mg, Si, and Ca ([α/Fe] = +0.32±0.06),
and ratios among Na, Al, and all Fe-group elements are typical for other stars in the halo and ultra-
faint and dwarf spheroidal galaxies at this metallicity. Sr is mildly enhanced ([Sr/Fe] = +0.22± 0.11),
but Ba is not enhanced ([Ba/Fe] < −0.4), indicating that these stars do not contain high levels of
neutron-capture elements. The Li abundances match those found in metal-poor unevolved field stars
and globular clusters (log (Li) = 2.05±0.07), which implies that environment is not a dominant factor
in determining the Li content of metal-poor stars. The chemical compositions of these two stars cannot
distinguish whether the progenitor of the Sylgr stream was a dwarf galaxy or a globular cluster. If
the progenitor was a dwarf galaxy, the stream may originate from a dense region such as a nuclear
star cluster. If the progenitor was a globular cluster, it would be the most metal-poor globular cluster
known.
Keywords: dwarf galaxies (416) — globular star clusters (656) — nucleosynthesis (1131) — Population
II stars (1284) — stellar abundances (1577)
1. INTRODUCTION
The stellar halo of the Milky Way is filled with struc-
ture. Overdensities in physical, phase, and chemical
space reveal a rich history of accretion. Reconstructing
this history requires knowledge of the characteristics of
the stellar systems and the Milky Way’s mass distribu-
tion, so it is important to identify the nature and prop-
erties of the progenitor of new structure discovered in
the Milky Way halo.
Ibata et al. (2019b), hereafter referred to as I19, dis-
covered a number of stellar streams at high Galactic lat-
itude (|b| > 20◦) and distance d > 1 kpc from the Sun.
Their search relied on the second data release from the
Gaia satellite to identify significant features in position,
Gaia photometry, and proper motions. Cross-matching
with the Sloan Digital Sky Survey (SDSS; Yanny et al.
2009) and LAMOST catalogs (Cui et al. 2012) revealed
Email: iur@umich.edu
∗ This paper includes data gathered with the 6.5 meter Magel-
lan Telescopes located at Las Campanas Observatory, Chile.
heliocentric radial velocity (Vr) and metallicity ([Fe/H])
estimates for a small subset of stars in the streams.
I19 identified 103 potential members of a stream they
named Sylgr. It stretches across the northern Galactic
hemisphere between −73◦ ≤ ` ≤ −95◦ and +50◦ ≤ b ≤
+60◦. They adopted a model for the Galactic potential
and used an orbit integrator to derive a best-fit orbit
for this stream. The SDSS provided Vr measurements
for three stars in the Sylgr stream, and these matched
the predicted Vr values at the longitude of the three
stars. This match boosts confidence in the existence of
the stream and confirms the membership of these three
stars. Sylgr has a highly radial, prograde rotating orbit,
with Galactic pericenter 2.49 ± 0.02 kpc and apocenter
19.4±0.5 kpc. A color-magnitude diagram, constructed
from Gaia broadband photometry, reveals that all of the
candidate members lie near or below the main sequence
turnoff point, and by construction these stars lie near a
metal-poor 12.5 Gyr isochrone.
At present, there is no obvious progenitor for the
Sylgr stream, but a few clues about the nature of the
progenitor are available. The STREAMFINDER algo-
rithm, which I19 used to identify the Sylgr stream, is
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best suited to detect thin and kinematically-cold streams
that may be formed by the disruption and dissolution of
globular clusters (GCs) (Malhan & Ibata 2018; Malhan
et al. 2018). The Sloan Extension for Galactic Under-
standing and Exploration (SEGUE) Stellar Parameter
Pipeline (SSPP; Lee et al. 2008) estimated metallici-
ties for the three stars with SDSS spectroscopy, [Fe/H]
= −2.38, −2.58, and −3.10. These values exhibit a con-
siderable spread, and their average is lower than that of
all known GCs in the Milky Way ([Fe/H] > −2.4; Car-
retta et al. 2014). Most of the other streams discovered
by I19 show minimal metallicity dispersion and higher
mean metallicity among their likely members, providing
the first hint that the progenitor of the Sylgr stream
may not have resembled a typical GC.
Here we present high-resolution spectroscopy of two
high-probability members of the Sylgr stellar stream.
These spectra permit us to measure precise Vr values,
calculate stellar parameters, and derive detailed abun-
dances for 13 elements for each star. We present the
new observational material, including Vr measurements,
in Section 2. We calculate stellar parameters and metal-
licities in Section 3. We derive abundances of other el-
ements and compare them with various Galactic stellar
populations in Section 4. We discuss the implications
of these results for the origin of the stream in Section 5
and summarize our conclusions in Section 6.
2. OBSERVATIONS
We observed SDSS J120220.91−002038.9 (hereafter
J1202−0020) and SDSS J120825.36+002440.4 (here-
after J1208+0024) using the Magellan Inamori Kyocera
Echelle (MIKE; Bernstein et al. 2003) spectrograph
on the Landon Clay (Magellan II) Telescope at Las
Campanas Observatory, Chile. MIKE is a double spec-
trograph, and the 0.′′7×5.′′0 entrance slit and 2×2 bin-
ning on the CCD yield a spectral resolving power of
R ≡ λ/∆λ ∼ 41,000 on the blue spectrograph (3350
< λ < 5000 A˚) and R ∼ 36,000 on the red spectrograph
(5000 < λ < 8300 A˚). J1202−0020 and J1208+0024
were each observed on 2019 April 11 and 12, for to-
tal integration times of 5.00 hr and 5.61 hr, respec-
tively. Observations were made during excellent seeing
conditions, ≈ 0.′′4–0.′′6. The lunar contribution to the
sky background was minimal for J1202−0020 and non-
existent for J1208+0024.
We use the CarPy MIKE reduction pipeline (Kelson
et al. 2000; Kelson 2003) to perform the overscan sub-
traction, pixel-to-pixel flat field division, image coaddi-
tion, cosmic ray removal, sky and scattered-light sub-
traction, rectification of the tilted slit profiles along the
orders, spectrum extraction, and wavelength calibra-
tion. We use IRAF (Tody 1993) to stitch together and
continuum-normalize the spectra. Signal-to-noise ratios
in the continuum range from ∼ 40/1 pix−1 near 3950 A˚,
∼ 60/1 pix−1 near 4550 A˚, ∼ 45/1 pix−1 near 5200 A˚, to
∼ 70/1 pix−1 near 6750 A˚ for the final co-added spec-
trum of J1202−0020, and they are roughly 10% lower
for J1208+0024. Figure 1 illustrates several regions of
the spectra around lines of interest.
We measure heliocentric Vr values by cross-correlating
the echelle order containing the Mg i b triplet against
a metal-poor template spectrum obtained with MIKE.
We compute heliocentric velocity corrections using the
IRAF “rvcorrect” task. Roederer et al. (2014) estimated
uncertainties of ≈ 0.7 km s−1 for Vr measured by this
method. The velocities we measure for J1202−0020 and
J1208+0024, −203.0 km s−1 and −209.5 km s−1, re-
spectively, compare well with the values measured from
the SDSS spectra by the SSPP, −208.56± 5.12 km s−1
and −205.63 ± 3.28 km s−1, respectively. We also
observed two velocity standard stars, HD 84937 and
HD 126587, on these nights using the same MIKE setup.
The heliocentric Vr values we measure, −14.2 km s−1
and +150.0 km s−1, respectively, are in excellent agree-
ment with previous measurements by Smith et al.
(1998), Ryan et al. (1999), Carney et al. (2001, 2003),
and Roederer et al. (2014). These comparisons suggest
that the Vr zeropoint of our measurements is reliable
to 0.5 km s−1 or better. We detect no significant Vr
variations in our own measurements (separated by 1
day) or between our measurements and those from the
SDSS spectra (separated by 12 yr and 10 yr, respec-
tively). Our measurements support the model for the
Sylgr stream presented by I19.
3. STELLAR PARAMETERS
3.1. Effective Temperature
We calculate effective temperatures (Teff) using the
metallicity-dependent color-Teff relations presented by
Casagrande et al. (2010). We first convert the SDSS
ugri photometry into Johnson-Cousins BV RcIc using
the transformations presented by Jordi et al. (2006).
Casagrande et al. present three color-Teff relations con-
structed from these bands: B − V , V −Rc, and V − Ic.
Near-infrared Two Micron All-Sky Survey (2MASS)
photometry is only available for one of the two stars,
and those JHK magnitudes have uncertainties in ex-
cess of 0.1 mag, so we do not make use of them. We
estimate the reddening, E(B−V ), by two methods: the
dust maps presented by Schlafly & Finkbeiner (2011),
and the amount of interstellar Na i D absorption (Bohlin
et al. 1978; Spitzer 1978; Ferlet et al. 1985) as de-
scribed in Roederer et al. (2018c). The reddening at
these high Galactic latitudes is small in both cases,
E(B − V ) ≈ 0.022 or less. We adopt an initial model
metallicity estimate of [M/H] = −3.0 ± 0.5 for both
stars. Table 1 presents the SDSS photometry, calculated
Johnson-Cousins photometry, reddening estimates, and
calculated Teff values from each of the three colors. Ta-
ble 1 also presents the Teff values we adopt, which are
weighted means of the predictions from the three colors.
Using the Ramı´rez & Mele´ndez (2005) color-Teff rela-
tions, rather than those from Casagrande et al. (2010),
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Figure 1. Selected regions of our MIKE spectra of J1202−0020 (thin black line) and J1208+0024 (bold gray line). Lines of
interest are marked. Two other stars, also observed using the same MIKE setup, are shown for comparison. The spectrum of
G 64-12 was presented in Roederer et al. (2014), and the spectrum of HD 84937 is described in Section 2. These two stars are
only ≈ 200 K warmer than our target stars, and they bracket the metallicities of our target stars, as indicated in the bottom
panel and demonstrated by the relative strengths of metal lines.
would have yielded Teff values higher by 74 K on aver-
age. The Alonso et al. (1999) color-Teff relations would
have yielded Teff values cooler by 250 K on average.
3.2. Surface Gravity
We calculate the log of the surface gravity, log g,
by interpolating 12 Gyr, α-enhanced Yale-Yonsei (Y 2)
isochrones (Demarque et al. 2004) in Teff . We assume
that both stars are dwarfs on the main sequence, as
suggested by the color-magnitude diagram for candi-
date stream members presented by I19. We estimate
uncertainties in log g by varying Teff by its uncertainty,
[M/H] by ±1.0 dex, and letting the age range from 8 to
13 Gyr. These values are presented in Table 1. We also
interpolate absolute magnitudes, MV , for J1202−0020
and J1208+0024 from the Y 2 isochrones. These values,
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Table 1. Radial Velocities, Photometry, Calculated Teff Values, and Adopted Model Atmosphere Parameters
Star Vr u B E(B − V ) Teff (B − V ) Adopted Adopted Adopted Adopted
g V Teff (V − Rc) Teff log g vt [M/H]
r Rc Teff (V − Ic)
i Ic
(km s−1) (mag) (mag) (mag) (K) (K) [cgs] (km s−1) (dex)
SDSS J120220.91−002038.9 −203.3 ± 0.7 18.44 ± 0.02 17.89 ± 0.02 0.020 ± 0.01 6206 ± 140 6200 ± 83 4.47 ± 0.2 1.15 ± 0.1 −3.0 ± 0.1
17.56 ± 0.01 17.45 ± 0.01 6556 ± 198
17.33 ± 0.01 17.19 ± 0.01 6092 ± 107
17.23 ± 0.01 16.82 ± 0.01
SDSS J120825.36+002440.4 −209.5 ± 0.7 18.63 ± 0.01 18.09 ± 0.02 0.022 ± 0.01 6255 ± 142 6242 ± 84 4.46 ± 0.2 1.15 ± 0.1 −3.0 ± 0.1
17.77 ± 0.01 17.67 ± 0.01 6613 ± 202
17.55 ± 0.01 17.41 ± 0.01 6128 ± 108
17.45 ± 0.01 17.04 ± 0.01
Note—The BV RcIc magnitudes are calculated from the SDSS gri magnitudes using the Population II star transformations of Jordi et al. (2006).
MV = 5.04 ± 0.28 and 4.95 ± 0.32, respectively, imply
distances of 3.0± 0.4 kpc and 3.4± 0.5 kpc.
Parallax measurements provide an alternative method
of estimating the surface gravity. Unfortunately, the
best parallax measurements available at present, from
the second data release of the Gaia mission (Lindegren
et al. 2018), are uncertain for the two stars in our sample
($ = 0.06±0.13 mas and 0.63±0.23 mas for J1202−0020
and J1208+0024, respectively). The I19 model orbit
predicts the parallax for all stars, assuming a common
distance as a function of Galactic longitude (their fig-
ure 10). The distance estimated at the longitude of
these two stars is approximately 3.7 ± 0.4 kpc, which
is in agreement with distances estimated from the Y 2
isochrones.
3.3. Microturbulent Velocity and Model Metallicity
We estimate the microturbulent velocity, vt, and
model metallicity, [M/H], with the help of abundances
derived from Fe i and ii lines. We measure equivalent
widths (EWs) using a semi-automatic routine that fits
Voigt or Gaussian line profiles to continuum-normalized
spectra (Roederer et al. 2014). We visually inspect each
line, and we discard any line that appears blended or
otherwise compromised. We examine a telluric spec-
trum simultaneously with the stellar spectrum, and we
also discard any lines that appear to be contaminated
by telluric absorption. These Fe i and ii lines are listed
in Table 2.
We make initial estimates for vt (1.0 km s
−1) and
[M/H] (−3.0) and interpolate one-dimensional, hydro-
static model atmospheres from the α-enhanced ATLAS9
grid of models (Castelli & Kurucz 2004) using an inter-
polation code provided by A. McWilliam (2009, private
communication). We derive Fe abundances using a re-
cent version of the line analysis software MOOG (Sne-
den 1973; 2017 version), which assumes local thermody-
namic equilibrium (LTE). This version of MOOG treats
Rayleigh scattering, which affects the continuous opac-
ity at shorter wavelengths, as isotropic, coherent scat-
tering (Sobeck et al. 2011), although this update has no
effect (< 0.01 dex) on the abundances derived for warm
stars such as these (Roederer et al. 2018c). We adopt
damping constants for collisional broadening with neu-
tral hydrogen from Barklem et al. (2000) and Barklem &
Aspelund-Johansson (2005), when available, otherwise
we adopt the standard Unso¨ld (1955) recipe. We adopt
the vt value for each model that minimizes the correla-
tion between the abundance derived from Fe i lines and
line strength. We adopt the [M/H] value for each model
that approximately matches the iron (Fe, Z = 26) abun-
dance derived from Fe i lines. We iteratively determine
vt and [M/H], and the final model atmosphere parame-
ters are reported in Table 1.
We can only measure 2 or 3 weak Fe ii lines in our
spectra of J1202−0020 and J1208+0024, so we rely on
Fe i lines to set [M/H]. Non-LTE corrections for a fair
fraction of the Fe i lines measured in these two stars
(16/43 and 15/48 lines, respectively) can be interpo-
lated from the pre-computed grids presented in the IN-
SPECT database by Bergemann et al. (2012b) and Lind
et al. (2012). These corrections are small and consis-
tent, with an average non-LTE correction to the LTE
abundances of +0.04 dex (σ = 0.01 dex). The final non-
LTE metallicities for J1202−0020 and J1208+0024 are
[Fe/H] = −2.96 ± 0.09 and −2.89 ± 0.09, respectively,
and we adopt [M/H] = −3.0 for the model metallicity
of each star.
3.4. Comparison with Previous Results
The SSPP fit for Teff , log g, and [Fe/H] for each of
these stars: Teff = 6452 ± 61 K, log g = 3.77 ± 0.18,
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Table 2. Line List
J1202−0020 J1208+0024
Species λ E.P. log gf Ref. EW log a EW log a
(A˚) (eV) (mA˚) (mA˚)
Li i 6707.80 0.00 0.17 1 · · · 2.08 · · · 2.11
O i 7771.94 9.15 0.37 1 · · · < 7.50 · · · < 7.30
Na i 5889.95 0.00 0.11 1 89.1 3.67 85.8 3.66
Na i 5895.92 0.00 −0.19 1 62.7 3.54 43.5 3.26
Note—The complete version of Table 2 is available in the online edition of the
journal. A short version is included here to demonstrate its form and content.
aLTE abundances
References—1 = Kramida et al. (2018); 2 = Pehlivan Rhodin et al. (2017); 3
= Aldenius et al. (2009); 4 = Lawler & Dakin (1989), using HFS from Kurucz
& Bell (1995); 5 = Wood et al. (2013); 6 = Wood et al. (2014a) for log gf
values and HFS; 7 = Sobeck et al. (2007); 8 = Den Hartog et al. (2011) for
both log gf values and HFS; 9 = Ruffoni et al. (2014); 10 = Belmonte et al.
(2017); 11 = Lawler et al. (2015) for log gf values and HFS; 12 = Wood et al.
(2014b); 13 = Roederer & Lawler (2012); 14 = Kramida et al. (2018), using
HFS/IS from McWilliam (1998); 15 = Lawler et al. (2001), using HFS/IS from
Ivans et al. (2006).
and [Fe/H] = −2.38 ± 0.11 dex for J1202−0020; Teff
= 6502 ± 30 K, log g = 3.60 ± 0.15, and [Fe/H] =
−3.10 ± 0.08 dex for J1208+0024. These Teff values
are warmer by about 250 K than the values we derive
from color-Teff relations. We interpolate model atmo-
spheres with these parameters and rederive the Fe abun-
dance from Fe i lines. The SSPP model parameters favor
higher microturbulent velocities, vt = 1.5 km s
−1, and
they introduce a steep correlation between the lower ex-
citation potential (E.P.) and derived abundance, which
implies that the Teff values are too warm. The warmer
SSPP Teff value can account for about half of the [Fe/H]
discrepancy for J1202−0020; the remaining 0.3 dex dis-
crepancy remains unexplained. The log g values from
the SSPP suggest that both stars are subgiants that
have evolved beyond the main sequence turnoff. The
distances implied by this more luminous evolutionary
state, d ≈ 8 ± 1 kpc, are in conflict with the distances
predicted by the I19 model orbit, d = 3.7± 0.4 kpc. We
conclude that both stars are on the main sequence, and
we adopt the stellar parameters derived in Sections 3.1–
3.3.
4. ABUNDANCE ANALYSIS
4.1. Calculations
We adopt the standard nomenclature for elemental
abundances and ratios. The abundance of element X is
defined as the number of X atoms per 1012 H atoms,
log (X) ≡ log10(NX/NH)+12.0. The ratio of the abun-
dances of elements X and Y relative to the Solar ratio
is defined as [X/Y] ≡ log10(NX/NY)− log10(NX/NY).
We adopt the Solar photospheric abundances of Asplund
et al. (2009). By convention, abundances or ratios de-
noted with the ionization state indicate the total ele-
mental abundance derived from transitions of that par-
ticular ionization state after Saha ionization corrections
have been applied.
We measure EWs for lines of other species and derive
abundances using the same procedure described in Sec-
tion 3. These lines are also listed in Table 2. We derive
upper limits on the abundance when no lines of a partic-
ular element are detected. Table 2 lists the atomic data
for all lines investigated, references for the log gf values,
references for any hyperfine splitting structure (HFS)
and isotope shifts (IS) used in the line component pat-
terns for spectrum synthesis, EW measurements, abun-
dances derived from the lines, and upper limits.
We derive abundances of lines broadened by HFS
and/or IS by matching synthetic spectra, computed us-
ing MOOG, to the observed spectrum. We generate
line lists for the synthetic spectra using the LINEMAKE
code (C. Sneden, 2015, private communication), which
is based on the line lists of Kurucz (2011) and includes
many updates based on experimental laboratory data.
We consider multiple isotopes in the syntheses of Li, C,
N, Ba, and Eu, adopting 7Li/6Li = 1000, 12C/13C = 90,
14N/15N = 1000, and the rapid neutron-capture process
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(r-process) isotopic fractions from Sneden et al. (2008)
for Ba and Eu.
Table 3 lists the mean abundances, abundance ratios,
and the uncertainties in these values. We estimate un-
certainties in the log  abundances and [X/Fe] ratios by
simultaneously resampling the stellar parameters, EWs
(or approximations to the EWs in the case of lines ana-
lyzed by spectrum synthesis matching), and log gf val-
ues, and we recompute the abundances from each resam-
ple (Roederer et al. 2018b). We repeat this procedure
103 times, and the 16th and 84th percentiles of the re-
sulting distributions are reported as the 1σ uncertainties
in Table 3.
We detect no molecular features in the spectrum of
either star. We estimate upper limits on the C and
N abundances by comparing the observed spectra with
synthetic spectra of the CH G band near 4290–4330 A˚
and the CN band near 3875–3883 A˚.
Numerous studies have quantitatively assessed the im-
pact of non-LTE effects on abundances in warm, metal-
poor dwarfs like the two stars analyzed here. Line-by-
line non-LTE corrections to the LTE abundances are
available for some species: −0.06 dex for Li i (Lind et al.
2009a); −0.12 to −0.28 dex for Na i (Lind et al. 2011);
+0.04 to +0.08 dex for Mg i (Osorio et al. 2015; Oso-
rio & Barklem 2016); and +0.00 dex for Sr ii (Berge-
mann et al. 2012a). We also make approximations
for a few other species. Andrievsky et al. (2008) esti-
mated that non-LTE corrections to the abundances de-
rived from Al i resonance lines are ≈ +0.6 dex, and we
adopt this correction. Non-LTE calculations by Berge-
mann et al. (2010) indicated that Cr i lines underesti-
mate the Cr abundance by ≈ 0.3 to 0.4 dex, and Roed-
erer et al. (2014) found that abundances derived from
Cr i lines underestimate those derived from Cr ii lines
by a similar amount. We apply a +0.35 dex correc-
tion to the LTE abundances derived from Cr i lines.
Bergemann & Gehren (2008) found that the Mn i reso-
nance triplet near 4030 A˚ underestimates abundances
by several tenths of a dex. Similarly, Sneden et al.
(2016) found that these lines yielded abundances lower
by ≈ 0.3 dex relative to abundances derived from Mn ii
lines and higher-excitation Mn i lines. Bergemann &
Gehren (2008) attributed this discrepancy to non-LTE
effects, and we apply a +0.3 dex correction to our LTE
abundances.
4.2. Robust Metal Abundances
Figure 1 illustrates two key points about the metal
abundances. First, spectral lines of metals including
Mg, Ca, Ti, and Fe are virtually indistinguishable in
J1202−0020 and J1208+0024. Given that the stellar
parameters of these two stars are statistically identical,
it follows that the metal abundances are also statistically
identical. Secondly, the absorption line depths in these
two stars are intermediate between the two compari-
son stars, G 64-12 and HD 84937. These stars are only
slightly warmer (6492±103 K and 6418±117 K, respec-
tively) than J1202−0020 and J1208+0024 (6200± 83 K
and 6242±84 K, respectively), and their surface gravities
(4.18±0.21 and 4.16±0.14) are only slightly lower than
J1202−0020 and J1208+0024 (4.47±0.2 and 4.46±0.2),
so their spectra provide a fair comparison (Roederer
et al. 2018c). It is evident from Figure 1 that the metal-
licity of G 64-12 ([Fe/H] = −3.42±0.08) is considerably
lower than that of J1202−0020 or J1208+0024. Simi-
larly, the metallicity of HD 84937 ([Fe/H] = −2.23 ±
0.07) is considerably higher than that of J1202−0020 or
J1208+0024. This comparison demonstrates that the
two stars in the Sylgr stream have extremely low metal-
licities.
We recompute metallicities from Fe i lines under a va-
riety of assumptions about the stellar parameters, and
in all cases the [Fe/H] ratios are statistically identi-
cal. If we use a model atmosphere computed using the
SSPP values (which we disfavor; see Section 3.4), then
J1202−0020 and J1208+0024 have LTE metallicities of
[Fe/H] = −2.80 ± 0.09 and −2.74 ± 0.09, respectively.
If we use the stellar parameters inferred from a differ-
ent set of transformations from griz to BV RCIC (Jester
et al. 2005), which result in slightly lower temperatures
and higher gravities, then J1202−0020 and J1208+0024
have LTE metallicities of [Fe/H] = −3.07 ± 0.18 and
−3.03± 0.18, respectively. If we use model atmospheres
interpolated from the MARCS grid (Gustafsson et al.
2008), instead of the ATLAS9 grid, then J1202−0020
and J1208+0024 have unchanged LTE metallicities of
[Fe/H] = −3.00± 0.09 and −2.93± 0.09, respectively.
We conclude from these tests that J1202−0020 and
J1208+0024 have identical metallicities, and that these
metallicities are extremely low, [Fe/H] ≈ −2.9 or so.
4.3. Lithium
Lithium (Li, Z = 3) abundances have been derived
previously in many unevolved metal-poor main sequence
stars, which are thought to preserve the natal Li abun-
dances. The surface convection zones are relatively shal-
low, so they prevent Li from being mixed to deeper lay-
ers where it can be destroyed. Early studies discovered
that warm, metal-poor main sequence stars showed a
near-uniform “plateau” value, log (Li) ≈ 2.05 (Spite &
Spite 1982; Spite et al. 1984). More recent studies that
included larger samples of stars with [Fe/H] < −2.5
found an average decrease of a few tenths of a dex in
log (Li) among the most metal-poor stars, and some
also found increased abundance scatter (e.g., Ryan et al.
1999; Boesgaard et al. 2005; Aoki et al. 2009; Mele´ndez
et al. 2010).
Figure 2 compares the Li abundances of J1202−0020
and J1208+0024 with three previous studies of Li abun-
dances in warm, unevolved metal-poor dwarf stars in the
halo field (76 unique stars), two GCs with [Fe/H] < −2
(59 stars in M30 and 174 stars in NGC 6397), and two
field stars associated with the stellar stream discovered
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Table 3. Derived Abundances
J1202−0020 J1208+0024
Species log  σ [X/Fe] [X/Fe] σ Nlines log  σ [X/Fe] [X/Fe] σ Nlines
LTE LTE Non-LTE LTE LTE Non-LTE
Li i 2.08 0.09 · · · 2.02a 0.09 1 2.11 0.11 · · · 2.08a 0.11 1
C (CH) < 6.50 · · · < +1.03 · · · · · · · · · < 6.50 · · · < +0.96 · · · · · · · · ·
N (CN) < 8.00 · · · < +3.13 · · · · · · · · · < 8.10 · · · < +3.16 · · · · · · · · ·
O i < 7.50 · · · < +1.77 · · · · · · 1 < 7.30 · · · < +1.50 · · · · · · 1
Na i 3.61 0.08 +0.33 +0.10 0.04 2 3.46 0.08 +0.11 −0.08 0.05 2
Mg i 4.90 0.09 +0.26 +0.33 0.06 5 4.91 0.09 +0.20 +0.27 0.07 4
Al i 3.05 0.08 −0.44 +0.16 0.05 2 2.92 0.08 −0.64 −0.04 0.06 2
Si i 4.83 0.10 +0.28 · · · 0.07 1 4.85 0.11 +0.23 · · · 0.07 1
Ca i 3.80 0.10 +0.42 · · · 0.10 7 3.85 0.09 +0.40 · · · 0.10 6
Sc ii 0.59 0.11 +0.40 · · · 0.15 1 0.47 0.11 +0.21 · · · 0.13 1
Ti ii 2.54 0.08 +0.55 · · · 0.13 10 2.43 0.08 +0.37 · · · 0.12 9
V ii < 2.30 · · · < +1.33 · · · · · · 3 < 2.30 · · · < +1.26 · · · · · · 3
Cr i 2.62 0.11 −0.06 +0.29 0.05 3 2.54 0.10 −0.21 +0.14 0.05 3
Mn i 1.97 0.11 −0.50 −0.20 0.08 3 1.99 0.12 −0.55 −0.25 0.10 3
Fe i 4.50 0.09 −3.00b −2.96b 0.09 43 4.57 0.09 −2.93b −2.89b 0.09 48
Fe ii 4.70 0.14 −2.80b · · · 0.14 2 4.68 0.14 −2.82b · · · 0.14 3
Co i < 2.90 · · · < +0.87 · · · · · · 2 < 2.80 · · · < +0.70 · · · · · · 2
Ni i 3.33 0.11 +0.07 · · · 0.05 3 3.38 0.12 +0.05 · · · 0.06 3
Zn i < 2.90 · · · < +1.30 · · · · · · 1 < 2.90 · · · < +1.23 · · · · · · 1
Sr ii 0.16 0.10 +0.25 +0.25 0.15 2 0.18 0.10 +0.20 +0.20 0.15 2
Ba ii < −1.20 · · · < −0.42 · · · · · · 2 < −1.05 · · · < −0.34 · · · · · · 2
Eu ii < −0.40 · · · < +2.04 · · · · · · 3 < −0.30 · · · < +2.07 · · · · · · 3
alog  notation
b [Fe/H]
by Helmi et al. (1999). It is clear from Figure 2 that
the Li abundances in these two dwarf stars in the Sylgr
stream are broadly consistent with abundances in other
dwarf stars with similar metallicity in other environ-
ments.
4.4. Carbon, Nitrogen, and Oxygen
We do not detect any atomic or molecular lines of
carbon (C, Z = 6), nitrogen (N, Z = 7), or oxygen
(O, Z = 8) in either star. The upper limits derived
from the non-detection of the CH G band near 4300 A˚
indicate that the [C/Fe] ratios are not enormously en-
hanced relative to the Solar ratio, but we cannot exclude
[C/Fe] < +1.0 or so in either star. The non-detection
of the CN bandhead near 3883 A˚ yields only uninforma-
tive upper limits on the N abundances, [N/Fe] < +3.2
or so. The non-detection of the O i triplet near 7770 A˚
also provides uninformative upper limits on the O abun-
dances, [O/Fe] < +1.8 and < +1.5 in J1202−0020 and
J1208+0024, respectively.
4.5. Sodium through Nickel
We detect lines of 11 metals from sodium (Na, Z = 11)
to nickel (Ni, Z = 28) in the spectra of J1202−0020
and J1208+0024. Figure 3 compares the [X/Fe] ra-
tios for each element X to the ratios found in metal-
poor stars in ultra-faint dwarf (UFD) galaxies, which
are low-luminosity galaxies with MV > −7; the Ursa
Minor (UMi) dwarf spheroidal (dSph) galaxy, which rep-
resents the low-luminosity (MV = −8.8) and low-mass
(M∗ = 2.9×105 M; McConnachie 2012) end of the clas-
sical dwarf galaxies; the mean abundance ratios found in
metal-poor Galactic GCs; and metal-poor halo stars in
the Solar neighborhood. Most of the comparison sam-
ples report abundances derived assuming LTE, so the
abundance ratios in Sylgr stream stars presented in Fig-
8 Roederer & Gnedin
-3.5 -3.0 -2.5 -2.0
[Fe/H]
1.5
2.0
2.5
lo
g
e
(L
i)
Metal-poor star in halo
Metal-poor GC (mean)
Star in Sylgr stream
Star in Helmi stream
Figure 2. Comparison of log (Li) abundances in the Sylgr
stream stars with those in dwarf (Teff > 5700 K; log g > 3.8)
stars in other metal-poor populations. The halo field star
samples are drawn from Boesgaard et al. (2005), Asplund
et al. (2006), Bonifacio et al. (2007, 2012), Mele´ndez et al.
(2010), and Sbordone et al. (2010), all of whom applied non-
LTE corrections to their Li abundances. Duplications have
been removed. There are two GCs with [Fe/H] < −2 for
which Li abundances have been derived in dwarf stars. The
abundances for M30 ([Fe/H] = −2.38, Cohen et al. 2011)
and NGC 6397 ([Fe/H] = −2.10, Koch & McWilliam 2011)
are shown as the mean [Fe/H] ratios for each cluster and the
mean ± one standard deviation for Li (Lind et al. 2009b;
Gruyters et al. 2016). The Li abundances for dwarf stars
in the stream discovered by Helmi et al. (1999) are quoted
from Roederer et al. (2014). Li abundances have not been
presented in the literature for dwarf stars in any dSph or
UFD galaxy.
ure 3 are the ones computed in LTE, except for Na, Mg,
and Fe.
The two Sylgr stream stars have statistically identi-
cal abundances for all elements detected in our spectra.
Quantitatively, the log  abundances ([X/Fe] ratios) dif-
fer by less than 1.2σ (2σ), and no differences exceed
0.13 dex (0.20 dex).
These two stars show an enhancement of the α ele-
ments magnesium (Mg, Z = 12), silicon (Si, Z = 14),
and calcium (Ca, Z = 20) relative to Fe, [α/Fe] ≈
+0.32 ± 0.06. This ratio is typical among stars with
[Fe/H] = −3 in dSph and UFD galaxies and the halo,
although there is considerable scatter within the dwarf
galaxies. The most metal-poor GCs also exhibit a simi-
lar level of α enhancement.
The scandium (Sc, Z = 21) and titanium (Ti, Z = 22)
abundances are within the range found in the compar-
ison samples, but Figure 3 shows that they lie on the
high side of the [Sc/Fe] and [Ti/Fe] distributions. Sne-
den et al. (2016) noticed that the abundances of Sc, Ti,
and the neighboring element vanadium (V, Z = 23) are
often correlated in metal-poor stars. The super-Solar
ratios in the two Sylgr stream stars follow the same pat-
tern, with average [Sc/Fe] = +0.30±0.10 and [Ti/Fe] =
+0.46±0.09. Our upper limits on the [V/Fe] ratios are,
unfortunately, uninformative ([V/Fe] < +1.3).
Ratios among all other elements in the Fe group that
we have detected in these two stars (chromium, Cr,
Z = 24; manganese, Mn, Z = 25; and Ni) are typical.
Figure 3 demonstrates that there are no distinguishing
characteristics among the abundances of these elements
relative to the comparison samples. Our upper limits on
the cobalt (Co, Z = 27) and zinc (Zn, Z = 30) abun-
dances are high and uninformative ([Co/Fe] < +0.7;
[Zn/Fe] < +1.3).
4.6. Strontium and Barium
We detect the heavy element strontium (Sr, Z = 38) in
the spectra of both J1202−0020 and J1208+0024. The
average ratio, [Sr/Fe] = +0.22 ± 0.11, is mildly super-
Solar. We do not detect barium (Ba, Z = 56) in ei-
ther star. We place meaningful upper limits on the Ba
abundance ratios, [Ba/Fe] < −0.42 in J1202−0020 and
[Ba/Fe] < −0.34 in J1208+0024, demonstrating that Ba
is not enhanced in these stars.
5. DISCUSSION
GCs and dwarf galaxies experience very different star
formation histories that affect the chemical compositions
of their stars. Most GCs are chemically homogeneous
except for a few light elements. Stars in dwarf galax-
ies, on the other hand, exhibit a wide range of metal-
licities and ratios among their metals. A quick scan
of figures 2 and 4 of Ji et al. (2019), for example, re-
veals that it is rare—but not unprecedented—for two
randomly-selected stars within a given UFD galaxy to
have the same composition. We explore in this sec-
tion how the chemistry of the two Sylgr stream stars
compares to that of metal-poor field stars and surviving
GCs, UFD galaxies, and dSph galaxies. These ratios set
empirical constraints on the yields of early supernovae
in the progenitor of the Sylgr stream. We also provide
order-of-magnitude limits on the density and mass of
the progenitor system, and we discuss the implications
of our results.
5.1. [Fe/H]
J1202−0020 was targeted by the SEGUE-1 survey be-
cause its colors were consistent with being an F turnoff
star. The number of such candidates available in a given
SEGUE field far exceeded the number of available fibers,
and objects in this class were preferentially selected to
be bluer—which served as a proxy for low metallicity—
and brighter (Yanny et al. 2009). J1208+0024 has vir-
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Figure 3. Comparison of abundances in Sylgr stream stars (gold stars) with abundances in stars in other stellar populations.
Abundances in stars in the UMi dSph galaxy are shown by green squares. Abundances in stars in 15 UFD galaxies are shown
by blue circles. The mean abundance ratios within 18 GCs are shown by red crosses. The field stars, which include dwarf
and subgiant stars with Teff > 5600 K and log g >3.6, are shown by small gray crosses. Duplicate results have been removed.
References for the comparison samples are given in Appendix A. Note that the vertical axis on the [Sr/Fe] and [Ba/Fe] panels
spans 4.4 dex, twice that of the other panels.
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tually identical colors, and it was selected as a quality
assurance star in SEGUE-2. We selected these stars for
observation based on the availability of Vr measurements
from SEGUE to confirm their membership in the Sylgr
stream. If other, more metal-rich candidate members of
the Sylgr stream had not been selected for SEGUE spec-
troscopy based on their redder colors, then our sample
could be biased toward lower-metallicity stars. We thus
exercise caution while using the metallicities of these
two stars to infer the metallicity distribution function
(MDF) as a characteristic of the nature of the progeni-
tor system.
The mass-metallicity relation for dwarf galaxies in the
Local Group (e.g., Kirby et al. 2013) predicts that a pro-
genitor system with a mean [Fe/H] ≈ −2.9 should have
had an extremely low stellar mass, M∗ < 102 M. This
mass is lower than the mass of the stars already identi-
fied by I19 as candidate members of the Sylgr stream.
The actual progenitor mass is likely to be significantly
larger than this estimate. In fact, no known dwarf
galaxy has mean [Fe/H] below −2.7, which makes the
extrapolated value of the mass very uncertain.
While our sample may underestimate the mean metal-
licity of the progenitor system, as discussed above, we
can still estimate the probability of having drawn these
two stars from the MDF of a progenitor like one of
the surviving dSph or UFD galaxies. Figure 4 shows
the empirical MDFs for the five dSph galaxies with
M∗ < 106 M (CVn I, Dra, Leo II, Sex, and UMi) from
Kirby et al. (2010). The probability of randomly select-
ing two stars with [Fe/H] = −2.96 and −2.89 is below
0.16%. To approximate the MDF of UFD galaxies, we
compile all 72 stars observed with high spectral resolu-
tion in the 15 UFD galaxies referenced in Appendix A.
The probability of randomly selecting our two stars from
this UFD sample is about 12%. Therefore, it is signif-
icantly more likely that the two stars could be chosen
randomly from a UFD galaxy than from a classical dSph
galaxy.
These probabilities do not include the more puzzling
result that the inferred metallicities of the two stars are
very close. We estimate ∆[Fe/H] ≈ 0.07 dex, based on
the most accurate non-LTE abundance determination
(Table 3). The probability of randomly selecting the
first star from the UFD MDF and then selecting the sec-
ond star with metallicity within ∆[Fe/H] is only 3.1%
(and much less for the dSph MDF). This conditional
probability is low because the MDFs of dwarf galaxies
have significant intrinsic width (about 0.5 dex) and two
random stars are unlikely to have such close [Fe/H] val-
ues.
In contrast, the MDF of GCs is very narrow, with typ-
ical standard deviation below 0.05 dex, and often below
observational errors (e.g., Carretta et al. 2009a). The
two stars would naturally have similar values of [Fe/H]
if they belonged to a now-disrupted GC. However, such
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Figure 4. MDF for the sample of 1083 stars in the five
smallest dSph galaxies from Kirby et al. (2010) and the
72 stars from UFD galaxies described in Figure 3. The in-
ferred metallicities of the two Sylgr stars are shown by the
vertical solid lines. The blue shaded histogram shows a Gaus-
sian distribution, centered on J1202−0020, with a standard
deviation of 0.05 dex typical for GCs.
an origin of the Sylgr stream presents additional puzzles,
which we discuss in Section 5.7 below.
5.2. Lithium
The Li abundance in the Sylgr stream stars, log  =
2.05±0.07, is slightly lower than the mean Li abundances
in the two GCs where Li abundances in dwarf stars have
been studied, M30 (log  = 2.17, σ = 0.16 dex; Gruyters
et al. 2016) and NGC 6397 (log  = 2.24, σ = 0.09 dex;
Lind et al. 2009b). The probabilities of drawing the
Li abundances in both Sylgr stream stars from either
the M30 or NGC 6397 Li distributions are ≈ 4.3% and
0.10%, respectively. These results are sensitive to the
methods of deriving Teff ; Charbonnel & Primas (2005),
for example, note that log (Li) will change by ±0.05 dex
in response to changes of ±70 K in Teff . Teff zeropoints
can easily vary by ±100 K from one scale to another
(cf. Section 3.1), and a reduction in the GC stars’ Teff
by 100 K would increase the probabilities to 10% for
M30 and 0.70% for NGC 6397. We conclude that the
Li abundances of the Sylgr stream stars are not signifi-
cantly different from those of the GC stars.
No Li detections have been made in any dwarf stars
in dSph or UFD galaxies, because these systems are lo-
cated at large distances and their dwarf stars are faint.
Li abundances (log  = 2.19, σ = 0.14 dex; Monaco et al.
2010) in dwarf stars in the metal-poor ([Fe/H] ≈ −1.75)
populations of the GC ω Cen, which may be the nuclear
remnant of a dwarf galaxy (e.g., Bekki & Freeman 2003;
Ibata et al. 2019a), are also similar to the GC and field
star populations.
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Li has been studied previously in dwarf stars in only
one metal-poor stellar stream. Roederer et al. (2010)
presented Li abundances for two dwarf stars that are
probable members of the stream discovered by Helmi
et al. (1999), which was likely formed by a dwarf galaxy
with stellar mass ∼ 108 M that was accreted by the
Milky Way ∼ 5–8 Gyr ago (Koppelman et al. 2019).
These results are shown in Figure 2, and they are also
consistent with the Li abundances in other field stars.
Environment may not be a dominant factor in deter-
mining the Li content of metal-poor stars. The ω Cen,
Helmi stream, and Sylgr stream results suggest that the
primordial Li abundances in the progenitor systems were
not remarkably different from those in the progenitors
of other systems whose stars were dispersed to form
the nearby stellar halo. Furthermore, Boesgaard et al.
(2005) and Aoki et al. (2009) found no significant cor-
relation between orbital properties and Li abundances
in metal-poor dwarfs. It will be important in future
work to assess the distribution of Li abundances in larger
samples of dwarf stars in Sylgr and other nearby stellar
streams. These streams both serve as proxies for more
distant, surviving systems, and they offer a new oppor-
tunity to study the role of environment in Li production
and depletion in the early Universe.
5.3. α Elements and Fe-Group Elements
The Sylgr stream stars are α enhanced, with an aver-
age enhancement of [α/Fe] ≈ +0.32 ± 0.06 among Mg,
Si, and Ca. This result is typical for GCs and the most
metal-poor stars in UFD and dSph galaxies. The ra-
tios among Fe-group elements (Sc, Ti, Cr, Mn, and Ni)
are also typical for stars in UFD and dSph galaxies and
GCs.
The fact that both stars share ratios typical for other
populations implies that ejecta from multiple progenitor
supernovae are present. These abundance ratios reflect
the mass-averaged supernova yields, rather than more
extreme ratios that result from stochastically sampling
the high-mass end of the initial mass function. The
enhanced [α/Fe] ratios indicate that the stars formed
from gas enriched by the ejecta of Type II supernovae,
with minimal contributions from Type Ia supernovae, so
they probably formed shortly after star formation com-
menced. The abundance ratios do not directly reveal the
stellar ages, but they suggest that the stars likely formed
in an environment with a relatively high star formation
rate and short chemical enrichment timescale.
5.4. Neutron-Capture Elements
The Sr abundance ([Sr/Fe] = +0.22 ± 0.11) and
Ba upper limit ([Ba/Fe] < −0.4) in J1202−0020 and
J1208+0024 indicate that these two stars are not highly
enhanced in elements produced by neutron-capture re-
actions. The low Ba indicates that neither star contains
metals from a low- or intermediate-mass (. 5 M) com-
panion star that passed through the asymptotic giant
branch phase of evolution. Most stars with [Fe/H] ≈ −3
do not show evidence of such enrichment (e.g., Jacob-
son et al. 2015), so the stars are typical in this regard.
Otherwise, with such limited information it is not pos-
sible to determine what kind of nucleosynthesis process
produced the Sr in these stars.
Figure 3 shows that the [Sr/Fe] ratios in the Sylgr
stream stars lie in the high part of the distribution of
stars in UFD galaxies. Most [Sr/Fe] ratios in UFD
galaxies are < −1. Two notable exceptions include
Ret II ([Sr/Fe] = +0.24; Ji et al. 2016b), and Tuc III
([Sr/Fe] = −0.11; Hansen et al. 2017; Marshall et al.
2018), which are known to be r-process-enhanced galax-
ies. These two galaxies are also enhanced to varying de-
grees in other heavy elements produced by the r-process,
like Ba ([Ba/Fe] = +1.04 and −0.03, respectively). If
the Sylgr stream stars are also r-process enhanced, their
level of enhancement is considerably lower than either
of Ret II or Tuc III. We do not detect the r-process el-
ement europium (Eu, Z = 63) in either spectrum, and
the upper limits we derive ([Eu/Fe] < +2.04) are unin-
formative. The only other Sr-enhanced star known in
a UFD galaxy is in CVn II ([Sr/Fe] = +1.32; Franc¸ois
et al. 2016), which has one of the highest [Sr/Ba] ratios
known (+2.6; Franc¸ois et al. 2016). [Sr/Fe] ratios lower
than the Sylgr stream stars are found in 11/12 (92%)
of the non-r-process-enhanced UFD galaxies studied at
present.
Stars with [Fe/H] ∼ −3 in some dSph galaxies like
Sextans and Ursa Minor show [Sr/Fe] ∼ 0 and [Ba/Fe] ∼
−1 (Cohen & Huang 2010; Tafelmeyer et al. 2010; Kirby
& Cohen 2012), potentially similar to the two stars ob-
served in the Sylgr stream. In other dSph galaxies, like
Carina or Draco, [Sr/Fe] and [Ba/Fe] are both signif-
icantly sub-Solar (Cohen & Huang 2009; Venn et al.
2012), sometimes by several dex (Fulbright et al. 2004).
Sr is not often studied in GCs. Figure 3 shows that
5/7 (71%) of the metal-poor GCs ([Fe/H] < −1.8) show
mean [Sr/Fe] ratios < 0, lower than the Sylgr stream
stars. Ba is studied more frequently than Sr in GCs,
and 14/16 (88%) of the GCs have [Ba/Fe] ratios higher
than the [Ba/Fe] upper limits we have derived. Thus the
enhanced [Sr/Ba] ratio we derive for the Sylgr stream,
> +0.6, is unprecedented in metal-poor GCs.
In conclusion, the [Sr/Fe], [Ba/Fe], and [Sr/Ba] ratios
found in the Sylgr stream stars are rare among stars in
UFD galaxies, sometimes found among the most metal-
poor stars in dSph galaxies, and not found in metal-poor
GCs.
5.5. Light Elements Whose Abundances Vary in GCs
Particular abundance variations among some light ele-
ments are a sign of GC populations. Star-to-star scatter
exists among the O, Na, and aluminum (Al, Z = 13)
abundances in stars in GCs, with the lowest [Na/Fe]
and [Al/Fe] ratios coincident with those in field stars
and the highest [Na/Fe] and [Al/Fe] ratios enhanced by
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a dex or more. Neither ratio is significantly enhanced in
J1202−0020 or J1208+0024. The typical [O/Fe] ratios
found in metal-poor GC stars are ≤ +0.8 or so (e.g.,
Carretta et al. 2009b), considerably lower than the up-
per limits we derive ([O/Fe] < +1.5). The [Mg/Fe] ra-
tios in some stars in a few GCs are depleted, but the
[Mg/Fe] ratios in J1202−0020 and J1208+0024 do not
show evidence of such depletion. These ratios are all
consistent with those found in typical metal-poor field
stars and so-called “first-generation” stars in GCs, and
they do not exclude the possibility that the progenitor
was a GC.
5.6. Other Constraints on the Nature of the Progenitor
Many GCs and UFD galaxies have velocity disper-
sions ∼ 5 km s−1 (e.g., Harris 1996; Simon & Geha
2007). The small Vr difference between J1202−0020 and
J1208+0024 (6.5 ± 0.5 km s−1) cannot distinguish be-
tween GC and UFD galaxy populations, especially in
an extended stellar stream whose members are not in
dynamical equilibrium.
I19 note that the Sylgr stream has similar energy and
angular momentum to the GCs M10 (NGC 6254) and
M12 (NGC 6218). Neither cluster has an obvious ex-
cess of extra-tidal stars (de Boer et al. 2019; Kundu
et al. 2019). I19 excluded these GCs as the progenitor
based on their less radial orbits with smaller apocenters
(< 5 kpc; Baumgardt et al. 2019) and the much higher
metallicities of M10 and M12 ([Fe/H] ≈ −1.6 and −1.3;
Carretta et al. 2009a) relative to the SSPP metallicity
estimates. We reaffirm this conclusion on the basis of
the low metallicities derived from our high-resolution
spectra.
I19 identified the Sylgr stream as a long arc, suggest-
ing that the disruption took place no more than a few
orbital periods ago. The orbit reconstruction by I19 sug-
gests a bound orbit for the Sylgr stream, with pericen-
ter near 2.5 kpc from the Galactic center and apocenter
near 20 kpc. Such an orbit has a relatively short period
. 0.5 Gyr and can be reliably calculated, as the grav-
itational potential of the Galaxy is likely to be stable
over many orbital periods. This is a typical prograde
orbit shared by many surviving GCs. In contrast, the
pericenter of this orbit is much smaller than typical peri-
centers for UFD galaxies (20–40 kpc; Fritz et al. 2018;
Simon 2018). Therefore, the progenitor experienced sig-
nificantly stronger tidal forces than the current popu-
lation of UFD galaxies, so it would have needed to be
more dense than the UFD galaxies to avoid an early
disruption.
The average density of Galactic material at r =
2.5 kpc from the center is ∼ 1 M pc−3. An object
would remain gravitationally bound for several orbital
periods if its average density exceeds roughly twice this
value. GCs with orbital pericenters ≈2–3 kpc (Gaia
Collaboration et al. 2018) have stellar densities at their
half-mass radii ≈ 10–500 M pc−3, with a median value
≈ 100M pc−3 (Baumgardt & Hilker 2018), so they eas-
ily meet this condition. Surviving UFD galaxies have
average densities  1 M pc−3 within their core radii
(Simon & Geha 2007), so any UFD-like systems on or-
bits like that of the Sylgr stream would have disrupted
long ago (cf. Roederer et al. 2018a). We conclude that
the progenitor must have been substantially more dense
than the surviving population of UFD galaxies.
We can estimate the minimum mass of the progenitor
required to withstand the tidal forces along its orbit. If
the Sylgr progenitor had a half-mass radius of ≈ 6 pc,
similar to the surviving GCs with comparable orbital
pericenters, then it would need to have had a minimum
mass of ∼ 103 M before disruption. The initial mass
of the cluster on such an orbit was likely up to a fac-
tor of 10 higher (Baumgardt et al. 2019). This order-
of-magnitude estimate shows that the progenitor could
contain enough stars to explain all stream candidates
and persist for many orbital periods.
5.7. Implications If the Progenitor Was a GC
If the progenitor of the Sylgr stream was indeed a
GC, it would be an exciting discovery. The [Fe/H] ra-
tios of the two observed stars are considerably lower than
those of the lowest-metallicity Galactic GCs, which have
[Fe/H] ≈ −2.4 (e.g., Harris 1996). Beasley et al. (2019)
considered GC systems of external galaxies that span 6
orders of magnitude in stellar mass and concluded that
the MDFs of these systems have a plausible “metallicity
floor” at [Fe/H] ≈ −2.5. Few known GCs show metallic-
ity below that value (Forbes et al. 2018). The two stars
observed in the Sylgr stream have Fe abundances that
are a factor of ≈ 2.5 lower than this floor. Although the
[Fe/H] scales may systematically differ by about 0.1 dex
(e.g., Carretta et al. 2009a), the metallicity of the two
Sylgr stream stars is demonstrably lower than that of
all known GCs.
The mass-metallicity relation for galaxies is observed
to hold with only mild evolution even at high redshift
(e.g., Maiolino & Mannucci 2019). Thus the presence
of a metallicity floor indicates that surviving GCs could
not have formed in galaxies below a certain mass. That
minimum mass is estimated to be around halo mass
Mh ∼ 109M (Choksi et al. 2018) or stellar mass
M∗ ∼ 106M (Kruijssen 2019). The exact values are
very sensitive to the unknown extrapolation of the galac-
tic mass-metallicity relation at z > 4, when the most
metal-poor GCs are expected to form (e.g., Muratov &
Gnedin 2010; Li & Gnedin 2014; Choksi & Gnedin 2019).
Confirming the origin of the Sylgr stream progenitor
as a GC would have significant implications for the uni-
versality of such a floor. It would indicate that GCs
can form in lower-mass galaxies than had been expected
previously, which is an important constraint for models
of GC formation. It would also imply that a non-zero
fraction of halo stars with [Fe/H] < −2.5 formed in GCs,
rather than in situ or in UFD or dSph galaxies.
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Even if the Sylgr progenitor was instead a UFD or
dSph galaxy, the arguments in Section 5.6 indicate that
the observed thin stream is likely a remnant of its dens-
est part. This dense part could be a nuclear star cluster,
with a stellar density similar to that of massive GCs.
6. CONCLUSIONS
We have obtained high-resolution optical spectra of
two warm, main sequence stars proposed by I19 as mem-
bers of the Sylgr stellar stream. We confirm previous Vr
measurements, verifying their status as members. We
have derived abundances of 13 elements in each star,
and we show that these two stars are chemically ho-
mogeneous at a level of ≤ 0.13 dex. Both stars are
metal-poor, with average [Fe/H] = −2.92±0.06. The Li
abundances, log (Li) = 2.05± 0.07, are consistent with
other unevolved stars at this metallicity. Neither star
is C enhanced, with [C/Fe] < +1.0. Both stars are α
enhanced, with average [α/Fe] ≈ +0.32 ± 0.06 among
the α elements Mg, Si, and Ca. The ratios among other
elements (Na, Al, Sc, Ti, Cr, Mn, and Ni) are typical
for stars at this metallicity. Sr is mildly enhanced, with
average [Sr/Fe] = +0.22 ± 0.11, but Ba is not, with
[Ba/Fe] < −0.4.
We compare the chemical composition of these two
stars with that of other metal-poor stars in the field and
in surviving stellar systems around the Milky Way. Our
results indicate that the progenitor of the Sylgr stream
could have been similar to a GC or a low-mass UFD or
dSph galaxy. In either case, however, some abundances
are unlike those found in surviving GCs and UFD and
dSph galaxies. For example, the high [Sr/Ba] ratio is not
found in GC populations. On the other hand, the fact
that both stars have identical metal abundances favors a
GC origin. If the progenitor was a GC, it would qualify
as the most metal-poor GC known, by about 0.4 dex.
Dynamical considerations from the orbit of the Sylgr
stream also favor a system with a relatively high stellar
density, like a GC or a dense region of a UFD or dSph
galaxy.
With only two stars in our sample, these considera-
tions remain unconfirmed. Spectroscopic observations of
more stars in the Sylgr stream are needed to conclusively
determine its origin. If more stars are found to have
nearly the same metallicity, it would very likely con-
firm a GC origin. Similarly, if other stream stars have
different metallicities but a substantial fraction show in-
distinguishable values of [Fe/H] ≈ −3, then the latter
subset of stars would still point to a disrupted GC or
nuclear star cluster. Such a discovery would challenge
the apparent metallicity floor of GCs and present an
exciting puzzle for the theories of GC formation.
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APPENDIX
A. REFERENCES FOR LITERATURE DATA
The abundance data for the comparison samples of stars presented in Figure 3 have been compiled from many
sources. Abundances in stars in the UMi dSph galaxy are taken from Shetrone et al. (2001), Sadakane et al. (2004),
Cohen & Huang (2010), Kirby & Cohen (2012), and Ural et al. (2015). Abundances in stars in the UFD galaxies
Boo I, Boo II, Com, CVn II, Gru I, Her, Hor I, Leo IV, Ret II, Seg 1, Seg 2, Tri II, Tuc II, Tuc III, and UMa II are
taken from Koch et al. (2008, 2013), Feltzing et al. (2009), Frebel et al. (2010, 2014, 2016), Norris et al. (2010a,b),
Simon et al. (2010), Gilmore et al. (2013), Ishigaki et al. (2014), Koch & Rich (2014), Roederer & Kirby (2014),
Franc¸ois et al. (2016), Ji et al. (2016a,b,c, 2019), Roederer et al. (2016b), Hansen et al. (2017), Chiti et al. (2018),
Nagasawa et al. (2018), and Marshall et al. (2018). The mean abundance ratios within GCs including M15, M30,
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M53, M55, M68, M92, NGC 2419, NGC 4372, NGC 4833, NGC 5053, NGC 5694, NGC 5824, NGC 5897, NGC 6287,
NGC 6397, NGC 6426, NGC 6535, and Ter 8, are computed from data presented in Shetrone et al. (2001), Lee &
Carney (2002), Cohen (2011), Cohen et al. (2011), Koch & McWilliam (2011, 2014), Sobeck et al. (2011), Venn et al.
(2012), Mucciarelli et al. (2013), Carretta et al. (2014), Boberg et al. (2015, 2016), Roederer & Thompson (2015), San
Roman et al. (2015), Schaeuble et al. (2015), Roederer et al. (2016a), Bragaglia et al. (2017), Hanke et al. (2017), and
Rain et al. (2019). The field star sample (small gray crosses) includes stars with Teff > 5600 K and log g >3.6 from
Lai et al. (2008), Bonifacio et al. (2009), Yong et al. (2013), and the main sequence and subgiant stars analyzed by
Roederer et al. (2014). Duplicate results have been removed.
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